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Abstract
Recent work in nephrolithiasis has benefited from two special kinds of imaging: Endoscopic study 
of patient kidneys with high quality instruments, and examination of stones with microscopic 
computed tomography (micro CT). The combination of these has provided new evidence that there 
is more than one mechanism by which stones are retained in the kidney until they achieve sizes to 
be clinically relevant. This review describes what is known about the formation of stones on 
Randall’s plaque, the formation of stones on ductal plugs, and ways in which stones may grow in 
free solution within the calyceal or pelvic spaces. Studies of urolithiasis need to recognize that any 
group of ‘stone formers’ likely contains patients who differ fundamentally in which mechanism of 
stone formation is the primary route for their stones. Separation of patients on the basis of which 
mechanism (or combination of mechanisms) underlies their disease will be important for 
advancing research in the area of urolithiasis.
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History
Urinary stones have a high prevalence in all countries, and their existence has been known 
for millennia, but the mechanisms by which these mineral growths come into being are still 
not well understood. In this review we describe briefly the history of ideas relating to the 
retention and formation of urinary stones, with emphasis on recent findings and the 
relevance of newer imaging technologies in helping elucidate the pathologies underlying 
stones, especially those forming in the kidney.
The formation of urinary stones always requires supersaturation of urine with respect to the 
mineral being deposited in the stones.[1] However, non-stone formers can produce urine that 
is supersaturated so that they produce urinary crystals, but these crystals pass harmlessly and 
do not grow into stones.[2] Because of this, many researchers have reasoned that those who 
form stones must have a pathology that includes not only supersaturation of the urine but 
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also the retention of small particles within the urinary system so that they can grow into 
clinically relevant stones.
This was precisely the reasoning that Randall followed when he examined the kidneys of 
429 cadavers.[3] He was looking for some mechanism that held the stones in the kidney, so 
that they could grow to a size that would be manifested clinically. The interstitial plaque that 
Randall described in this first paper is still called by his name, and we will review evidence 
that it is indeed an important mechanism by which a nascent stone is retained within the 
kidney—in some stone patients.
This last point is quite critical: Randall’s plaque is a mechanism by which stones are 
retained in some, but not all, stone formers. One conclusion underlying the present paper is 
that the search for a single, universal cause of urinary stones has been a primary obstacle to 
progress in this field. That is, in the past many investigators have assumed that all stones 
must form by a common mechanism. This assumption has constrained thinking, has clouded 
interpretation of findings, and has hobbled the field.
Randall’s 1937 paper shows precisely this mindset, that there is only one, primary cause of 
urinary stones. The first paragraph of Randall’s paper relates the archeological finding of a 
bladder stone in a 7000-year-old skeleton.[3] The stone was composed of uric acid and 
struvite/apatite. Such a stone was likely caused by urinary stasis in the bladder and infection, 
but Randall used this example to lead off his paper, which he concludes with the statement 
that ‘the answer to the secret which has shrouded in mystery the true etiology of primary 
renal calculus is to be sought in an increasing knowledge of the physiology and pathology of 
the renal papilla.’ Randall was so focused on finding one, single cause for stones that he 
introduced his paper with a manifestation of stone disease that almost certainly had nothing 
whatsoever to do with the papillary lesions that he documented so carefully.
If the manifestation of urinary stones is due to multiple different underlying pathologies, 
then studying patients grouped together simply under the category of ‘stone former’ will 
certainly result in confusion. Even specifying patients under the term of ‘calcium stone 
former’ can lump together pathologies that appear to be completely separated in primary 
cause of the disease, as we will review below.
Increased understanding of the diversity of underlying pathologies in stone formers is linked 
in part to the development of endoscopes that allow visualization of the interior of the 
kidney in stone formers during surgical procedures.[4, 5] Newer technology for the study of 
stones removed using these endoscopes has added to the ability to infer the origin of these 
calculi.[6, 7] Thus it is that we title this paper ‘Insights from imaging.’
Stones retained in the kidney on Randall’s plaque
As mentioned above, Randall identified a calcification (or plaque) within the renal papillary 
interstitium that could act as a site for growth of a stone.[3, 8–10] Moreover, the papillary 
calcification would—at least initially—remain a part of the papillary tissue, so that the 
growing stone would be retained within the kidney, even when it was very small (Figures 1 
and 2). Randall observed stones attached to renal papillae in this manner, and even was able 
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to obtain some sections of affected papillae to show the calcifications and the way that the 
papillary epithelium was disrupted over the plaques. Randall reasoned that a urinary stone 
could not form on the plaque if the papillary epithelium was intact, and thus hypothesized 
that some event must occur to disrupt the epithelium so that urine could come into contact 
with the interstitial plaque (Figure 2B).[3]
Recent work has examined in detail the renal papillae of patients who form calcium oxalate 
stones without any systemic disease, and the basic findings of Randall have been confirmed 
for these idiopathic stone formers.[4] The plaques that Randall described in his first paper 
are indeed interstitial, without any mineral being detected within the lumens of tubules.[4, 
11] The mildest manifestation of this interstitial calcification appears around the thin limbs 
of Henle’s loop.[11, 12] In this kind of patient, all stones were observed to be adherent to 
papillae via Randall’s plaque,[13] or the stones showed structural evidence via micro-
computed tomography (micro CT) of having originally come into being on Randall’s plaque, 
even if they were not observed to be adherent at the time of removal.[14]
Biopsies of adherent stones from such patients have additionally shown that the papillary 
epithelium is disrupted as Randall described.[15] Moreover, these investigators were able to 
spectroscopically map the mineral transition from interstitial plaque to stone, showing a 
fascinating change from tissue apatite to urinary apatite to calcium oxalate. The data suggest 
an important role of urinary proteins in these transitions,[15] though the precise roles of such 
proteins are yet to be defined.
Several questions remain to be answered concerning the growth of kidney stones on 
Randall’s plaques. For example, how does the interstitial plaque form? The area density of 
Randall’s plaques on papillae correlates with urine calcium, and inversely with urine 
volume,[16] suggesting that calcium transport and medullary concentration are involved, but 
further work remains to be done in this area. One existing hypothesis suggests that the 
calcium delivered to and absorbed from the medullary thick ascending limb plays an 
important role in raising the calcium concentration within the thin limbs of the inner 
medulla,[17] but confirmatory evidence of this mechanism in patients has not yet been 
reported.
Concerning the loss of overlying epithelium to uncover the plaque for exposure to calyceal 
urine, no evidence exists on how the event might occur. Randall thought that the ground 
substance of the connective tissue beneath the papillary epithelium in cadaveric material 
appeared itself to be damaged in some specimens,[3] but such an observation has not been 
described in studies of biopsied tissues.[4] Another hypothesis for plaque formation involves 
pathology of the papillary vasculature,[18] and such pathology could also account for loss of 
overlying epithelium, but no evidence for such vascular damage has been shown.
It is also not known why sometimes a stone that has grown on Randall’s plaque becomes 
free of its connection to the papilla (Figure 2C).[14] This is certainly true, as studies of 
passed stones report many with structural evidence of them having formed on Randall’s 
plaque.[19, 20] If a stone that was spontaneously passed shows the morphology of having 
formed on Randall’s plaque,[21] presumably the stone had to have broken free of its 
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connection to the papilla. Perhaps there is a natural, cellular mechanism by which segments 
of interstitial plaque can be expelled from the papilla, but at the present time this is 
completely unknown.
Finally, the actual proportion of stone formers whose stones form solely on Randall’s plaque 
is not known. Such patients have been classed as idiopathic calcium oxalate stone formers—
specifically, as those patients forming calcium oxalate stones who show no systemic disease, 
and who also do not have obvious evidence of genetic hypercalciuria[4, 17]—but no 
epidemiological data exist to estimate how many calcium stone formers fall into this 
category. In Randall’s work, in which he examined all the autopsied cadavers coming 
through his institution, 20% of the individuals showed plaques on papillae, and 5.6% 
showed stones growing on the plaques. This suggests that Randall’s plaques may play a role 
in stone formation in a great many patients, but endoscopic study of patient papillae is likely 
required to ascertain the true proportion of this type of stone former in the modern 
population.
Stones retained in the kidney on ductal plugs
In Randall’s 1939 paper,[8] he detailed a second kind of papillary lesion—different from 
interstitial plaques—that could also act as a site for growing a stone that was attached to the 
renal papilla. This ‘papillary lesion type II’ was an intratubular calcification that sometimes 
showed mineral growing onto its distal part that extended out into the calyceal urine. Randall 
described all of these ductal plugs as being composed of calcium phosphate, and he saw 
some ductal plugs that did not extend into the urine, but that formed an ‘intrarenal calculus,’ 
being entirely contained within the papillary tissue.
This kind of ductal plug has now been described using endoscopic observation and biopsied 
tissue as occurring in a number of specific kinds of pathologies that all result in renal stones.
[17] Randall had hypothesized that ductal plugging requires the person to be in a 
‘hyperexcretory’ state,[9] and the pathologies described so far fit this adjective. For example, 
persons with cystinuria excrete large quantities of cystine, and these patients form 
intratubular plugs of cystine and apatite.[22] Hyperparathyroidism and distal renal tubular 
acidosis both result in urine conditions that favor precipitation of calcium phosphate, and 
both of these kinds of patients can have massive amounts of plugging of papillary collecting 
ducts with apatite.[23, 24] Patients with primary hyperoxaluria show tubules plugged with 
calcium oxalate,[17] and patients with bowel disease or bowel surgery show similar trends, 
though some of these have tubule plugs of apatite.[4, 25, 26] Brushite stone disease, though 
its fundamental ‘hyperexcretory’ etiology is poorly understood, also results in ductal 
plugging.[27]
In at least some of these patients with mineral deposition in tubule lumens, evidence has 
been found for the growth of calyceal stones on mineral at the ends of ductal plugs (Figure 
3). Thus, this is at least a potential mechanism for the retention of small stones in the kidney 
while they grow into sizes large enough to be clinically relevant.
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Importantly, these examples show more than just another mechanism of stone retention; 
these examples also show that calcium stones can occur with a papillary pathology that 
differs dramatically from what is seen with the Randall’s plaque-bearing, idiopathic calcium 
oxalate stone formers. Patients with ductal plugging have obstruction in the collecting ducts, 
something which is not seen in the those patients who have only interstitial plaque.[4] This 
obstruction is likely part of the cause of cortical pathology that has been seen in at least 
some forms of stone diseases with ductal plugging.[24, 27] The lack of such tubular 
obstruction could explain why idiopathic stone formers with only interstitial Randall’s 
plaque showed no renal pathology outside of the presence of plaque.[4]
These differences in underlying pathologies of calcium stone formers mean that if a group of 
patients is defined only by the term ‘calcium stone former,’ the ways that stones form among 
such patients could differ considerably. Patients with only Randall’s plaque are likely to be 
affected by potential treatments for stones in ways that are different from patients with 
disorders that result in ductal plugging. That is, study of calcium stone formers without 
separating them by underlying pathology could easily result in a confounding of results 
because of the differences present within such a classification. However, since endoscopic 
visualization of renal papillae is a normal part of the assessment and treatment of many 
stone formers, it is possible to identify calcium stone formers by their papillary pathology so 
that studies could be done with stone formers classified by papillary appearance, which may 
be a better system than classification by stone composition alone.
Although this section of the paper has emphasized ductal plugs as a means for retaining 
stones within the kidney, it must also be said that these hyperexcretory conditions tend to 
also produce large quantities of stone material that show no evidence of ever having been 
attached to tissue.[28] Thus, while these kinds of stone diseases do form ductal plugs, and at 
least some calyceal stones have been verified to be growing on ductal plugs (such as shown 
in Figure 3) it does not appear that all kidney stones need to form attached to papillary 
tissue. Possible explanations of how this can happen are explored next.
Stones retained in the kidney by other mechanisms—hypotheses
In the first part of this paper, the rationale was presented that stones normally do not form in 
the kidney because crystals and crystal aggregates are passed more quickly than they can 
grow to a size large enough to be lodged within the kidney. This section will address the 
ways that this balance might be disrupted, so that stones could grow to significant size even 
without any fastening mechanism to hold them inside the kidney. This mechanism has been 
referred to as ‘free solution crystallization’[28] (Figure 4).
One condition for rapid growth of a stone in free solution would be a hyperexcretory state, 
so that a large amount of mineral is delivered into the urine so as to produce a supersaturated 
state that favors rapid crystallization.[29] Additionally, the growth of mineral bodies is 
accelerated if crystals also aggregate with one another, as has been described in stone 
formers,[30] so conditions that favor aggregation would be important. Finally, growth of 
stones in the renal calyx or pelvis would be aided by a low rate of fluid flow in these spaces.
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It is the last of these conditions that we know the least about. Flow in the human calyceal-
pelvic system is little studied. Schulz et al. summarized all of the work done in this field, and 
the published reports existing by 1987 were remarkably diverse in their descriptions of 
‘normal’ peristaltic action in the renal calyces and pelvis.[31] The authors also reported their 
own results of x-ray videography of a series of subjects that included stone formers. They 
describe a variety of normal and apparently pathologic patterns of contraction and flow in 
the renal system, and they propose that abnormality in fluid flow in the renal calyceal-pelvic 
system may contribute to some stone diseases.[31, 32] As far as we can tell, no more work 
has been done in this area since 1987. It may be that stone formers tend to have abnormal 
flow in the urinary spaces of the kidney, but confirmation of the work of Schulz et al. has not 
appeared.
However, urine flow in the rodent kidney is under active study. The nature of normal flow 
has been described, pacemaker cells for peristalsis have been identified, and knock-out 
models have revealed important genes for normal urinary flow.[33, 34] The rodent kidney is 
much simpler than the multi-papillary human kidney, but perhaps the studies with rodents 
can help focus direction of human studies. Human studies would undoubtedly benefit from 
technology that would allow the visualization of urinary dynamics in vivo in a manner that 
does not involve ionizing radiation, as traditional x-ray fluoroscopic studies on peristalsis 
involves substantial exposure of patients to radiation.[35]
So, it is possible that abnormal flow of urine in the kidney could promote the formation of 
stone by a ‘free solution’ mechanism, but further study of normal and abnormal urine flow 
remains to be done. Additionally, this subject is not totally unrelated to the formation of 
stones that are in some way attached to renal tissue. If a stone forms attached to the renal 
papilla—either by growth on Randall’s plaque or by growth on a ductal plug—the presence 
of that stone is likely to, itself, alter urine flow within the calyx. Moreover, if such a stone 
gets free of its papillary attachment after it has grown too large to leave the kidney, it can 
lodge in the pelvis, and disrupt normal urine flow there. In this way, it is possible that the 
formation of one stone by an attachment mechanism (Randall’s plaque or ductal plug) could 
reduce or restrict urine flow so as to favor the formation of other stones in free solution—but 
this, too, has been little studied.
Conclusions
Recent study of stone formers using endoscopy and biopsy, combined with study of removed 
stones with micro CT, has shown that there is more than one mechanism by which stones are 
retained in the kidney so that they can grow to clinically relevant size. Some kinds of stone 
formers make stones that grow on Randall’s plaques, an interstitial form of papillary 
calcification that does not involve the deposition of mineral in tubule lumens. Other kinds of 
stone formers produce mineral that lodges in the papillary collecting ducts, and these ductal 
plugs can also support the growth of stones that are attached to the papilla. These two 
mechanisms of stone retention are not mutually exclusive, as some patients who form stones 
on ductal plugs could also form stones on Randall’s plaques, but there are certainly stone 
formers who have only one of these mechanisms and not the other. Finally, it is certainly 
true that some stones in some kinds of stone patients must form in a manner that does not 
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involve attachment to the renal tissue; it seems likely that additional imaging studies in 
patients to determine how stones can be retained without attachment to renal tissue need to 
be done.
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Figure 1. 
Example of stone growing on Randall’s plaque. A. Endoscopic view of attached stone on 
papilla. Papilla is normal in appearance with the exception of the presence of Randall’s 
plaque (RP in panel C). B. Combination of endoscopic images before and after stone 
removal with micro CT image of the removed stone, showing by maximum-intensity 
projection (MIP) the presence of Randall’s plaque that was on the undersurface of the stone. 
C. Location of plaque that came away with the stone (with resultant bleeding) relative to the 
plaque remaining on the papilla after stone was removed. [Figure from reference 7, used by 
permission.]
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Figure 2. 
Concept of stone growing on Randall’s plaque (RP). A. The plaque appears in the interstitial 
tissue within the renal papilla, with no crystals present in any tubular lumens.[12] The plaque 
is composed of calcium phosphate in the mineral form of apatite. B. Papillary epithelium is 
lost, and the plaque is uncovered so that its surface is bathed with urine in the renal calyx. 
The resulting calcium oxalate stone may grow only very slowly, and can remain small for an 
extended period of time, as the plaque keeps the stone from flowing out with the urine, and 
the insolubility of the calcium oxalate makes the stone quite stable with time. The layers in 
the schematic represent hypothetical growth periods for the stone, periods which could be 
separated by weeks or even months. C. Some stones that are formed on Randall’s plaques 
are released from the papilla in which they formed, by a process that is not known (see text).
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Figure 3. 
Small stone (about 1.5 mm long) which formed from a ductal plug. A. Maximum intensity 
projection of micro-CT image of stone reveals three different minerals. Calcium phosphate 
in the form of apatite was present in the ductal lumen (as has been described for brushite 
stone formers[27]) as was calcium oxalate dihydrate (COD). Brushite—identified by its 
intermediate x-ray attenuation and radial crystal morphology—formed the bulk of the stone 
portion that was exposed to the calyceal urine. B. Surface rendering showing location of the 
stone at the mouth of a duct of Bellini. [Figure from reference 7, used by permission.]
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Figure 4. 
Hypotheses of how stones might form in free solution within the renal calyx or pelvis, 
without any attachment to renal tissue. A. Rapid formation and aggregation of crystals in the 
urine would favor the rapid formation of a stone that was too large to leave the renal pelvis. 
B. Dysfunction of calyceal (or pelvic) peristalsis could result in functional stasis of the 
urine[32], leaving time for formation of a stone in free solution. C. The presence of a stone
—perhaps one that was initially retained in the kidney by Randall’s plaque or ductal 
plugging—could disrupt urine flow, resulting in urinary stasis in that region of the kidney, 
and thus allow for growth of other stones in free solution.
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